Personal exposure to PM 2.5 and PM 1 , together with indoor and residential outdoor levels, was measured in the general adult population (30 subjects, 23-51 years of age) of Gothenburg, Sweden. Simultaneously, urban background concentrations of PM 2.5 were monitored with an EPA WINS impactor. The 24-h samples were gravimetrically analyzed for mass concentration and black smoke (BS) using a smokestain reflectometer. Median levels of PM 2.5 were 8.4 mg/m 3 (personal), 8.6 mg/m 3 (indoor), 6.4 mg/m 3 (residential outdoor), and 5.6 mg/m 3 (urban background). Personal exposure to PM 1 was 5.4 mg/m 3 , while PM 1 indoor and outdoor levels were 6.2 and 5.2 mg/m 3 , respectively. In non-smokers, personal exposure to PM 2.5 was significantly higher than were residential outdoor levels. BS absorption coefficients were fairly similar for all microenvironments (0.4-0.5 10 À5 m À1 ). Personal exposure to particulate matter (PM) and BS was well correlated with indoor levels, and there was an acceptable agreement between personal exposure and urban background concentrations for PM 2.5 and BS 2.5 (r s ¼ 0.61 and 0.65, respectively). PM 1 made up a considerable amount (70-80%) of PM 2.5 in all microenvironments. Levels of BS were higher outdoors than indoors and higher during the fall compared with spring. The correlations between particle mass and BS for both PM 2.5 vs. BS 2.5 and PM 1 versus BS 1 were weak for all microenvironments including personal exposure. The urban background station provided a good estimate of residential outdoor levels of PM 2.5 and BS 2.5 within the city (r s ¼ 0.90 and 0.77, respectively). Outdoor levels were considerably affected by long-range transported air pollution, which was not found for personal exposure or indoor levels. The within-individual (day-today) variability dominated for personal exposure to both PM 2.5 and BS 2.5 in non-smokers. 
Introduction
Epidemiological studies have shown associations between exposure to fine particles and health effects, such as increased mortality, cardiovascular diseases, and respiratory illness (Samet et al., 2000; Pope et al., 2002; Brunekreef and Holgate, 2002) . In terms of the overall health burden, a significant reduction in the life expectancy of the average population has been linked to long-term exposure to high levels of particulate air pollution. A systematic review by the World Health Organization (WHO) has confirmed that longterm effects of exposure to particulate matter (PM) outweigh short-term effects when it comes to matters of public health significance, and should consequently be the main concern; however, acute effects are also considerable (World Health Organization, 2004) . The risk of various health effects following exposure to PM has been shown to increase with exposure, and there is today no evidence of a threshold level regarding the relation between exposure and health outcomes (World Health Organization, 2005) . The air quality guidelines for PM 2.5 suggested by the WHO expert group are 10 mg/m 3 as an annual mean and 25 mg/m 3 as a 24-h mean (World Health Organization, 2005) .
Particles originate from a variety of different sources both natural and anthropogenic. The particles we inhale may come from industry, energy production, traffic, resuspension of dust, sea salt, a variety of indoor sources, and many other sources. Measurements of personal exposure to PM 2.5 have been conducted in several studies in recent years (the EXPOLIS study: Koistinen et al., 1999 Koistinen et al., , 2001 Oglesby et al., 2000; Kousa et al., 2002 ; the ULTRA study : Janssen et al., 2000 ; and other studies: Pellizzari et al., 1999; Kinney et al., 2002; Lai et al., 2004; Sorensen et al., 2005; Meng et al., 2005) . Combustion-derived particles are largely found in the fine particle fraction or in the even smaller, submicron fractions. PM 1 is therefore an important parameter to study in urban air pollution. To date, PM 1 has, however, rarely been investigated. Black smoke (BS), measured as reflectance or light absorption of PM, has been shown to be well correlated with concentrations of elemental carbon or soot, and to be an alternative way of estimating combustion-derived particles (Go¨tschi et al., 2002; Cyrys et al., 2003) .
Epidemiological studies investigating the association between exposure to particles and health effects are largely based on urban background monitoring of PM. Therefore, it is important to assess the relationship between personal exposure and ambient levels. Some recent studies have shown that urban ambient measurements do not always reflect personal exposure (Oglesby et al., 2000; Kousa et al., 2002; Sorensen et al., 2005) .
The aim of this study was to measure personal exposure to fine particles (both PM 2.5 and PM 1 ) and BS among the general adult population in Gothenburg and to examine the relationship between personal, indoor, and residential outdoor particle levels as well as urban background concentrations. The study design also allowed investigation of the within-(i.e. day-to-day) and between-individual variance components of the total variability. Furthermore, the influence of different air masses on the particle mass and BS levels was studied.
Materials and methods

Study Group and Design
Thirty adult citizens (age 20-50 years) living in Gothenburg in year 2000 were randomly selected from the population register. Out of these, 24 (80%) agreed to participate in the study but four were excluded because of lack of possibilities to perform residential outdoor measurements. In addition to the 20 randomly selected subjects (seven men and 13 women), 10 subjects (age 24-50 years, one man and nine women) were recruited among the employees at the Department of Occupational and Environmental Medicine in Gothenburg (two different sections located at different parts of the city). The reason for recruiting the staff members was that duplicate personal samplings, involving a more complicated setup of the personal monitoring equipment, could easier be done on volunteers at the department. The study therefore included 30 subjects in total; eight men and 22 women between 23 and 51 years of age at the time of investigation. There were three smokers among the 20 randomly selected subjects, and none among the 10 staff members. The study was approved by the ethics committee at Gothenburg University.
All subjects completed a questionnaire about age, occupation, type of home, etc. They also filled out a diary for the 24 h monitoring period, including notes on smoking (number of cigarettes per day), exposure to environmental tobacco smoke (ETS), time spent at home and indoors/outdoors, time spent in the car or on a bus, cooking, occupational exposure, etc.
Monitoring
Fine particles were measured for 24 h using both personal and stationary monitoring equipment. Personal monitoring of PM 2.5 and PM 1 was carried out simultaneously with parallel measurements of PM 2.5 and PM 1 indoors in living rooms and outside the house on a balcony, porch, etc. In addition, urban background PM 2.5 levels were measured. Repeated measurements (personal and ambient background only) were carried out for 10 of the 20 randomly selected subjects, while for the 10 staff members, repeated measurements were performed at all four locations.
Personal monitoring was performed in two ways. The 20 randomly selected subjects carried personal monitoring equipment for PM 2.5 only, while the 10 staff members carried two pieces of personal monitoring equipment at the same time. On the first measuring occasion, the staff members carried one PM 2.5 cyclone and one PM 1 cyclone. On the second occasion, duplicate monitors for PM 2.5 were used. For personal and residential monitoring, the BGI Personal Sampling Pump was used together with the GK2.05 (KTL) cyclone for PM 2.5 sampling and the Triplex cyclone SCC1.062 for PM 1 sampling (BGI Inc., Waltham, MA, USA). A flow rate of 4 l/min was used for PM 2.5 measurements, while 3.5 l/min was used for PM 1 . The flow rate was adjusted before monitoring and controlled at the end of the sampling period using a DryCal DC-Lite flowmeter (BIOS International Corporation, Butler, NJ, USA). The average flow rate was then used to calculate the total volume of air drawn through the filter. Urban background monitoring was carried out using the PQ100 Basel PM 2.5 sampler (EPA WINS) (BGI Inc., Waltham, MA, USA), which has an impactor cutoff system. The flow rate of the EPA WINS is 16.7 l/min. Teflon filters were used in the study, namely, Pall Teflo (Pall Corporation, Ann Arbor, MI, USA) 37 mm filters (2 mm pore size) for all measuring occasions apart from urban background monitoring, for which Pall Teflo 47 mm was used.
The personal sampling pump was placed in a small shoulder bag and the cyclone attached to the shoulder strap near the subject's breathing zone. The personal monitoring equipment was carried by the subject during awake time. During the night, it was placed in the living room. For indoor monitoring in living rooms, cyclones (PM 2.5 and PM 1 ) were placed at about 1.5 m above the floor. The same setup was used for residential outdoor monitoring. The urban background monitor was placed on top of a roof somewhat south of the city center but not near any major highway. Measurements were performed during the spring and fall seasons of both 2002 and 2003. Samples were collected on weekdays only. Repeated measurements were performed between 2 and 7 weeks after the first measuring occasion. Apart from a few exceptions, monitoring was carried out for only one subject at the time. Altogether, 50 sampling periods (on 47 different days) resulted in a total of 270 filters.
Exposure to fine particles and black smoke
Analyses
Mass Concentration All filters were weighed before and after exposure. The filters were conditioned for 24 h before weighing in a climate chamber controlled for temperature and humidity (temperature: 2370.51C, relative humidity (RH): 5075%). The weighing followed a standard operating procedure (SOP) where three field blanks followed each batch of filters. The SOP used for the weighing procedure was a modified version of the SOP used in the ULTRA study (Pekkanen et al., 2000) . Pre-and postsampling filter mass was determined using a CAHN C-30 microbalance. Before weighing, the filters were deionized on both sides using an alpha radiation source (Po-210) in order to remove static charge. The SOP entailed that each filter was weighed twice, and if the two results differed by more than 2 mg, a new pair of weighing results was required. The procedure was repeated until this requirement was met. The average field blank mass increase (or decrease) was subtracted from each sampled filter mass in the batch. Filters were placed in plastic filter cassettes that were checked for potential leakage and stored at room temperature before sampling.
The limit of detection (LOD) was evaluated by weighing batches of blank filters according to ISO/CD 15767 (International Organization for Standardization, 1998) and resulted in a lowest detectable sample mass of 18 mg. With flow rates of 4 and 3.5 l/min for 24 h sampling of PM 2.5 and PM 1 , respectively, the corresponding mass concentrations were 3.2 and 3.6 mg/m 3 . The coefficient of variation for duplicate personal PM 2.5 samples was 15%. Among a total of 142 sampled PM 2.5 filters, seven were below LOD. None of these filters was from personal sampling (four indoors and three outdoors). For PM 1 , 17 out of a total of 89 filters were below LOD (two personal, seven indoors, and eight outdoors). None of the PM 2.5 filters from the urban background station (EPA WINS) was below LOD since the sampled volume is substantially larger.
Black Smoke
The filters were analyzed for BS using an M43D EEL smokestain reflectometer (Diffusion Systems Ltd., London, UK), and following a SOP similar to that for the ULTRA study (Pekkanen et al., 2000; Go¨tschi et al., 2002) . Each filter was measured for reflectance five times on different locations according to the five-point method (in the center and in each of the four quadrants) and the average reflectance derived from the five measurements was used in the calculations. After every 25 filters, three filters were selected and measured a second time to ensure that the two measurements differed by a maximum of 3%. The absorption coefficient, a, was used to express the reflectance according to the formula ISO9835 (International Organization for Standardization, 1993), as follows:
where A is the loaded filter area (m 2 ), V is the sampled air volume (m 3 ), R 0 is the average reflectance of field blank filters, and R s is the average reflectance of the sampled filter. The absorption coefficient is expressed in 10 À5 m
À1
.
Air Mass Trajectories
The effect of long-range transport on air pollution was investigated by computing 96 h air mass back trajectories using the NOAA ARL HYSPLIT model (Draxler and Rolph, 2003) . Four different major air mass paths were identified as routes of the trajectories, the Nordic trajectory passing the Nordic countries and reaching Gothenburg from the north, a Marine trajectory originating from the North Atlantic, a UK trajectory, with the air mass passing the UK on its way to Gothenburg, and, finally, the Continental trajectory coming from the Central European continent. Since five trajectories were computed for each 24 h sampling period (at startup time for the measurements and 6, 12, 18, and 24 h thereafter), the classification was made with the criterion that the major path of all trajectories must belong to the same trajectory route, and that trajectories not meeting this criterion were to be classified as undetermined trajectories.
Statistical Analysis
Statistical calculations were performed with the SAS System for Windows version 9.1. (SAS Statistical software, 2003) . Correlations between particle concentrations in different microenvironments were assessed using the Spearman rank correlation coefficient (r s ) and differences between pairs of personal, indoor, outdoor, and ambient levels were calculated using the Wilcoxon signed rank test. For unpaired observations, the Wilcoxon rank sum test was used. Statistically significant refers to 5% significance level in two-tailed tests (Po0.05). If the filter mass was below the LOD, the LOD divided by the square root of 2 was used (Hornung and Reed, 1990) . Within-individual (s 2 within ) and between-individual (s 2 between ) variance components were estimated using analysis of variance for unbalanced data (Proc Nested procedure of SAS) on log-transformed exposure levels. One subject was found to have significant workplace exposure and was excluded from all calculations regarding personal exposure.
Results
Background Data
Background information and the percentage of the sampling time spent in different microenvironments are presented in Table 1 . During the first measurement campaign, two out of the 27 non-smokers reported ETS exposure for 0.5 and 2 h, respectively. However, one of them (with 0.5 h exposure) was excluded from the calculations regarding personal exposure due to workplace exposure. In the repeated measurements, two subjects (different from those in the first measurement) among the non-smokers had been exposed to ETS for 0.5 and 1 h, respectively. Also, one of the smokers reported exposure to ETS for 6.5 h during the repeated measurement.
According to Table 1 , over 90% of the sampling time was spent indoors and only limited time was spent outdoors or in traffic. When the two groups of subjects were compared, there were no differences between the members of staff and the randomly selected subjects regarding exposure to PM or BS.
Particle Mass
Particle mass concentrations in our study were low (see Table 2 ). There was no statistically significant difference between samples taken during spring and samples taken in the fall for any of the microenvironments. The median personal exposure to PM 2.5 was 8.4 mg/m 3 (95% confidence interval (CI) 6.5-12.0 mg/m 3 ), while the median indoor level was 8.6 mg/m 3 (95% CI 6.7-10.6 mg/m 3 ). Lower concentrations were found outside the subjects' homes, with a median of 6.4 (95% CI 4.5-9.9 mg/m 3 ), and this was the case also for PM 2.5 measured at the urban background site where the median was 5.6 mg/m 3 (95% CI 4.9-9.3 mg/m 3 ). Despite similar personal and indoor levels, the matched pairs test resulted in statistically significant higher personal exposure compared with residential indoor, outdoor, and urban background levels (Table 2 ). However, after excluding the Significantly higher than residential outdoor PM 2.5 (P ¼ 0.02) for non-smokers. c Significantly higher than residential indoor BS 2.5 (P ¼ 0.04) for non-smokers. Significantly higher than residential indoor BS 2.5 (P ¼ 0.008). e Significantly higher than residential indoor BS 2.5 (P ¼ 0.0002) for non-smokers. smokers, only the difference between personal and residential outdoor levels was statistically significant (P ¼ 0.02).
For personal exposure to PM 1 measured simultaneously with personal PM 2.5 in 10 selected individuals, the median was 5.4 mg/m 3 (95% CI 2.6-9.1 mg/m 3 ). Median residential indoor and outdoor levels of PM 1 for 30 subjects were 6.2 mg/m 3 (95% CI 4.3-7.7 mg/m 3 ) and 5.2 mg/m 3 (95% CI 3.2-7.3 mg/m 3 ), respectively. Testing matched pairs of PM 1 concentrations in different microenvironments yielded no statistically significant differences.
The levels of PM 1 were significantly lower than those of PM 2.5 for indoor and residential outdoor measurements but not for personal exposure. The median ratio of PM 1 to PM 2.5 was 0.71 for personal measurements (N ¼ 10), 0.83 for indoor measurements (N ¼ 40), and 0.81 for residential outdoor levels (N ¼ 39). The median paired indoor/outdoor ratio was 1.06 for PM 2.5 (N ¼ 39) and 1.04 for PM 1 (N ¼ 39).
Correlations between PM 2.5 samples from different microenvironments are shown in Figure 1 . Residential outdoor PM 2.5 levels were highly correlated with the corresponding levels of PM 2.5 at the urban background monitoring site (r s ¼ 0.90, Po0.0001) (Figure 1d) . The correlation between personal and indoor PM 2.5 levels was 0.71 for non-smokers ( Figure 1a ) and slightly lower for personal versus residential outdoor and urban background levels (Figure 1b and c) . The correlation between PM 2.5 indoors and outside the residences was moderate (r s ¼ 0.56, P ¼ 0.003). For the 10 personal samples of PM 1 , the correlation between personal and indoor concentrations . r s is the Spearman correlation coefficient for non-smokers (a-c).
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was 0.76 (P ¼ 0.01), while the correlation between personal and residential outdoor concentrations was non-significant (r s ¼ 0.60, P ¼ 0.07).
There was a high correlation between PM 2.5 and PM 1 for both residential indoor and outdoor measurements (r s ¼ 0.76 and 0.79, respectively) (Figure 2a and 2b) but not for personal measurements (N ¼ 10). There was also good agreement between residential outdoor PM 1 and urban background levels of PM 2.5 (r s ¼ 0.72).
Black Smoke
The median personal exposure to BS 2.5 was 0. and BS 1 . Although median levels were similar, paired testing resulted in significantly higher residential levels outdoors than indoors for BS 2.5 (P ¼ 0.008 and P ¼ 0.0002 for smokers included or excluded, respectively) and BS 1 (P ¼ 0.04 and P ¼ 0.003, respectively). BS levels were higher during the fall than during spring for both residential outdoor (P ¼ 0.047) and urban background samples (P ¼ 0.02). There were, however, no statistically significant differences between BS 1 and BS 2.5 for any of the microenvironments. The median ratio of BS 1 to BS 2.5 was 0. between personal and indoor levels of BS 2.5 (r s ¼ 0.77, Po0.0001) (Figure 3a ), but weaker for personal versus residential outdoor and personal versus urban background levels. As for PM 2.5 , there was a high correlation between the residential outdoor measurements at the subjects' homes and the urban background station for BS 2.5 (r s ¼ 0.77, Po0.0001). There were significant correlations between personal and indoor levels of BS 1 , and also between personal and residential outdoor BS 1 levels (r s ¼ 0.66, P ¼ 0.04; and r s ¼ 0.76, P ¼ 0.01, respectively). For both BS 2.5 and BS 1 , there was good agreement between indoor and outdoor levels (r s ¼ 0.75, Po0.0001; and r s ¼ 0.70, Po0.0001).
Regarding the relation between BS 2.5 and BS 1 , the correlation was high and significant for all microenvironments, including the personal measurements (r s ¼ 0.94, Po0.001). For samples taken indoors and outdoors, the Spearman correlation coefficients were 0.95 and 0.92, respectively (Figure 2c and d) . The residential outdoor BS 1 was also well correlated with the urban background BS 2.5 (r s ¼ 0.75, Po0.0001).
Correlations Between Particle Mass and BS
There were relatively low, but statistically significant, correlations between particle mass concentrations and BS for PM 2.5 versus BS 2.5 (indoors: r s ¼ 0.38; outdoors: r s ¼ 0.48; urban background: r s ¼ 0.42) and PM 1 versus BS 1 (indoors: r s ¼ 0.45) for non-smokers. The exception was a somewhat higher correlation between residential outdoor PM 1 and BS 1 levels (r s ¼ 0.63). With regard to personal exposure, however, there were no significant correlations.
Sources of Variability of Particle Mass and BS
Correlations between the two repeated measurements for each individual were poor for measurements in all microenvironments. For personal exposure, the withinindividual source of variability dominated for both PM 2.5 and BS 2.5 (Table 3) . As much as 84% of the total variance in the personal exposure to PM 2.5 was attributable to withinindividual variability and for BS 2.5 , the corresponding figure was 95%. If the three smokers were included, the sources of variability regarding personal exposure changed drastically, and the within-individual component was reduced to 50% for PM 2.5 and 80% for BS 2.5 (not shown in the table) . Analysis of log-transformed data using a mixed effects model (Proc Mixed in SAS) showed that smoking was a significant factor (P ¼ 0.0033) for predicting personal exposure to PM 2.5 . Table 3 also shows the sources of variability for PM and BS for all the different microenvironments. In general, the total variance was higher for BS than for PM. For indoor and residential outdoor PM 2.5 , the within-individual and between-individual variance components were of similar size. For BS 1 , the variance components were similar to those for PM 1 .
Outdoor Levels of Particles and Influence of Long-Range Transport
The origin of the air mass affected the urban background and residential outdoor levels of PM 2.5 and BS 2.5 . Four examples of air mass trajectory pathways can be seen in Figure 4 . Significantly higher residential outdoor and urban background (ambient) levels of PM 2.5 were seen for Continental compared with Nordic and Marine air masses (Table 4) . Levels of PM 2.5 were also higher outdoors on days when air mass trajectories originated from the UK compared with days with Nordic air masses. For BS, there were significantly higher residential outdoor levels of BS 2.5 for Continental compared with Marine air mass trajectories. Continental air masses resulted in higher urban background levels of BS 2.5 than Marine and UK trajectories. Furthermore, air reaching Gothenburg from the Nordic countries resulted in higher BS 2.5 residential outdoor levels than Marine air. For the personal and indoor measurements, however, no significant differences were seen for particle mass or BS.
Discussion
Altogether, the levels of fine particles found in our study were low. They were lower than levels found in central and southern Europe, and comparable to those found in the EXPOLIS study in Helsinki (Koistinen et al., 2001) or in Copenhagen (Sorensen et al., 2005) . The levels of BS must likewise be considered low, being slightly lower than the results from Helsinki and Copenhagen and well below levels in cities such as Athens and Prague (Go¨tschi et al., 2002; Ha¨nninen et al., 2004) . One explanation for the lower levels of PM mass and BS in Gothenburg and other Nordic cities could be that the area is less densely populated than Central Europe, which has substantially larger cities and higher traffic density. Coal burning is also more common in Central Europe than in the Nordic countries.
Personal Exposure versus Indoor, Residential Outdoor, and Ambient Levels
Analysis of the matched samples taken in the different microenvironments for each subject showed that personal exposure to PM 2.5 was higher than residential indoor and outdoor levels, although the overall median personal and indoor levels were similar. Personal exposure exceeding indoor and outdoor concentrations has also been found in other studies investigating exposure to fine particles (Pellizzari et al., 1999; Koistinen et al., 2001; Lai et al., 2004; Sorensen et al., 2005; Meng et al., 2005) . Our study included only three smokers, which could be one reason for the relatively small difference between personal exposure and indoor or outdoor levels. Smoking is known to have a significant impact on personal exposure to fine particles (Pellizzari et al., 1999; Koistinen et al., 2001 ). For personal exposure to PM 2.5 , the highest correlation was found with residential indoor levels, which is consistent with other studies (Pellizzari et al., 1999; Koistinen et al., 2001; Kousa et al., 2002; Lai et al., 2004; Sorensen et al., 2005) . The strong association we found between personal and indoor particle mass can be explained by the fact that the subjects in our study spent about 60% of their indoor time at home. The association between personal exposure and urban background levels was moderately strong for non-smokers (r s ¼ 0.61 and 0.65 for PM 2.5 and BS 2.5 , respectively). ETS is known to have a large impact on personal exposure to fine particles (Koistinen et al., 2001; Meng et al., 2005; Sorensen et al., 2005) . In our study, however, the number of subjects reporting exposure to ETS was limited; only one of the 25 non-smokers presented in Figure 1c reported exposure to ETS and this subject represents the third smallest value Table 3 . Variance components of fine particle exposure, expressed also as percent of the total variability (unbalanced data, non-smokers). among the personal PM 2.5 samples. The impact of ETS exposure on the association between personal and urban background concentrations is therefore likely to have been small. However, adding the three smokers led to a weakened association between personal and urban background levels, so that the correlation dropped from 0.61 to 0.55. In Basel, no correlation was found between personal exposure to PM 2.5 and ambient levels, with or without smokers included (Oglesby et al., 2000) , and the same was true for the relation between personal exposure and home outdoor levels. A weak but statistically significant relationship between personal and rooftop urban background levels was, however, found by Pellizzari et al. (1999) . In the study from Helsinki (Kousa et al., 2002) , the correlation between personal PM 2.5 (ETS-exposed individuals included) and urban background concentrations was moderate (Pearson correlation coefficient ¼ 0.43 and 0.48 for workday and leisure time, respectively). Sorensen et al. (2005) , on the other hand, found only borderline significance for the association between personal PM 2.5 and urban background levels. Variable results regarding the association between personal exposure and urban background levels indicate that personal activities including ETS exposure, affect the strength of the association, and the location of the In the present study, personal exposure to BS was lower than that in Copenhagen (Sorensen et al., 2005) and New York City (Kinney et al., 2002) , where median personal levels were 1.0 m À1 10 À5 m À1 and 1.7 m À1 10 À5 m À1 , respectively, although the latter study used a slightly modified method for the reflectance analysis. The highest correlation coefficient was found between personal exposure and home indoor levels, which is in agreement with the results for PM. The higher levels of BS outdoors compared with indoors in our study are confirmed by the results from the EXPOLIS study (Go¨tschi et al., 2002) , as well as by results reported by Sorensen et al. (2005) , Kinney et al. (2002), and Cyrys et al. (2004) .
Residential Outdoor and Urban Background Levels
In our study, different sampling equipment was used for residential outdoor and urban background measurements (the GK2.05 cyclone and the WINS impactor, respectively). A good agreement between the two measurement methods was shown in the EXPOLIS study (Koistinen et al., 1999) . The good agreement between the residential outdoor and urban background levels in our study shows that an ambient monitoring station could provide an accurate estimate of the fine particle levels within a city. This was also found in the EXPOLIS study (Oglesby et al., 2000; Koistinen et al., 2001; Kousa et al., 2002) as well as by Pellizzari et al. (1999) and Sorensen et al. (2005) . In Helsinki, Kousa and co-workers (2002) calculated a Pearson correlation coefficient of 0.90 and concluded that outdoor PM 2.5 appears to be fairly evenly distributed within the Helsinki metropolitan area. Our background monitoring station was not situated near any busy road; it was located on a roof at a relatively high altitude within the city of Gothenburg. The subjects lived within approximately 0.8-15 km of the monitoring site. Our results suggest that one measurement site may be enough to reflect the outdoor levels of fine particles, provided that the urban background station is placed at a representative location. The large impact of long-range transported air pollution in the Nordic countries (Forsberg et al., 2005 ) is likely to contribute to the homogenously distributed PM 2.5 concentrations within a city. Good agreement between residential outdoor and urban background levels was also found for BS, in contrast to the study from Copenhagen (Sorensen et al., 2005) , in which no significant association between outdoor and ambient levels was reported for BS.
PM 1 versus PM 2.5 and BS 1 versus BS 2.5
Unlike levels of PM 2.5 or PM 10 , levels of PM 1 have rarely been investigated and information on exposure to PM 1 is scarce. By taking parallel measurements of PM 1 and PM 2.5 , we were able to compare the concentrations of the two size fractions and found PM 1 to make up a considerable proportion (around 70-80 %) of the PM 2.5 fraction. In a study by Branis et al. (2005) , a lower ratio was reported for indoor particle concentrations (0.62) in classrooms where Harvard impactors were used for particle measurements. The ratio between BS 1 and BS 2.5 was found to be close to 1, which indicates that almost all of combustion-derived soot particles were below 1 mm.
Particle Mass versus BS
The generally low correlation between particle mass and BS found in our study is more or less in contrast to the findings by Go¨tschi et al. (2002) in the EXPOLIS study, where high Spearman correlation coefficients were reported outdoors for Athens and Prague (r s ¼ 0.90 and 0.87, respectively) and somewhat lower correlation coefficients were reported for Basel and Helsinki (r s ¼ 0.74 and 0.66, respectively). Similar results were also found for indoor measurements, except for Prague, where the correlation was very low. Our results showed a higher correlation between residential indoor and outdoor measurements for both BS 2.5 and BS 1 than for PM 2.5 and PM 1 . A possible explanation may be indoor PM sources other than combustion-derived soot particles, supported by the higher levels of PM 2.5 and PM 1 indoors (Table 2) .
Influence of Long-Range Transport
Dividing the particle masses into four categories of air mass trajectories showed that the origin of air masses had a large impact on the outdoor levels of fine particles observed in Exposure to fine particles and black smokeGothenburg. Primarily, air masses traced back to Central Europe (Continental) were shown to increase the levels of fine particles and BS within the city, while air masses from the UK contained higher levels of PM only. The impact of the air mass origin on the outdoor levels of fine particles and soot could give valuable information for the design and interpretation of time series studies on health effects from air pollution. This was, however, not shown for the personal exposure or the indoor measurements, indicating that personal and indoor exposure is influenced also by other factors, such as indoor sources and individual factors (personal activities and lifestyle). In an extension of the present study, the particle mass was analyzed for trace elements. Differences between air masses regarding elemental composition were large enough to be significant even for personal exposure to and indoor levels of elements of outdoor origin, such as sulfur, vanadium, lead, and chlorine (Molna´r et al., 2006) . In our study, five out of 42 measurements of urban background levels of PM 2.5 were above 25 mg/m 3 , the recommended air quality guideline from WHO (99th percentile, 3 days/year). It is therefore likely that this air quality guideline would be exceeded if we had done continuous measurements over our 2-year study period. During four of these days the air masses came from Central Europe, and on the fifth day, the air had passed the UK on its way to Gothenburg. Lower levels in all Europe would therefore presumably lead to lower levels also in Gothenburg.
Variability
Since repeated measurements were performed for 20 of the subjects, the within-individual variability and the betweenindividual variability could be estimated. The withinindividual component of the total variability dominated the personal exposure for both particle mass and BS. Including the three smokers in the calculations substantially changed the results for personal exposure. The within-individual variability changed more for personal exposure than for the indoor levels when the smokers were included, which may have been due to the fact that only one of the smokers smoked indoors at home.
The fact that the within-individual variability was largest for personal exposure was expected since, apart from the dayto-day variability in indoor and outdoor levels, the variation in time spent in different environments and performing personal activities has an impact on personal exposure. The day-to-day variability in personal particle exposure was more prominent than differences in mean exposure between individuals, and this will have to be considered in epidemiological studies, where the aim is to estimate the individual mean exposure. With knowledge of the variance components, the number of measurements per subject that would be required to reduce the bias of a true underlying exposureresponse relationship can be calculated using the equations presented by Rappaport et al. (1995) . If an individually based sampling approach is used, 19 samples per subject would be needed to reduce the attenuation of the slope to 20%. However, the considerable within-individual variability in personal exposure is valuable when performing panel studies or other time series analyses. The high day-to-day variation in personal exposure is, thus, a problem in some types of studies and an advantage in others.
Aspects on Study Groups
In the randomly selected group of 20 individuals, the findings for PM 2.5 and PM 1 were in general similar to the results for the total group of 30 subjects. For BS 2.5 and BS 1 , however, a few of the observed differences or associations were weaker. The correlations between personal exposure to BS 2.5 and residential outdoor and urban background PM 2.5 , respectively, were lower and did not reach statistical significance for the non-smokers in the randomly selected study group.
Conclusions
Personal exposure of PM 2.5 correlated well with indoor levels, and the associations with residential outdoor and urban background concentrations were also acceptable. Statistically significantly higher personal exposure compared with residential outdoor levels of PM 2.5 was found for nonsmokers. PM 1 made up a considerable proportion (about 70-80%) of PM 2.5 . For BS, significantly higher levels were found outdoors compared with indoors, and levels were higher outdoors during the fall than during spring. There were relatively low correlations between particle mass and BS. The urban background station provided a good estimate of the residential outdoor concentrations of both PM 2.5 and BS 2.5 within the city. The air mass origin affected the outdoor levels of both PM 2.5 and BS 2.5 ; however, no effect was seen on personal exposure or indoor levels. It is likely that the urban background levels of PM 2.5 in Gothenburg would exceed the recommended air quality guideline from WHO. The within-individual variation dominated the personal exposure to both particle mass and BS in non-smokers. This study is the first to investigate PM 1 and BS 1 in the general population and further investigations are warranted.
